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INTRODUCTION
Diesel engines are extensively used in automotive systems due to their better fuel economy. Despite many advantages, diesel engines suffer from environmental drawbacks such as high levels of NOx and particulate matter emissions. Some of the key technologies for controlling NOx emissions are controlling fuel injection, in-cylinder charge conditions, EGR, and controlling fuel formulation. Reduction in NOx is often accompanied by an increase in particulate matter and poor combustion performance. Engine performance is severely affected by particulate as it has a different bearing on engine wear [1] , lubricating oil contamination [2] .
Scientists are constantly working on alternative fuels, which are clean and efficient in combustion. These fuels include compressed natural gas (CNG), biodiesel, alcohols, gas to liquid (GTL) fuels, di-methyl-ether (DME) etc. There is need to study possible usage of other alternative fuels on large-scale and their impact on human health and environment. CNG has been extensively used as a clean fuel in Delhi (India) and several other cities of the world in order to curb the environmental pollution. It is not feasible to replace mineral diesel with CNG all over the world because of demand-supply gap. Other alternative fuels also need to be examined for engine performance and emission characterization.
Biodiesel is one of the most promising alternative diesel fuels. Biodiesel is a generic term that refers to various fatty-acid mono-alkyl esters that can be used as diesel fuel substitutes. It is made by conversion of triglyceride present in vegetable oil and animal fats to esters (primarily methyl esters) via transesterification process [3] . Biodiesel can be blended in any proportion with petroleum diesel, and can be used in most conventional diesel engines with little or no modification. There are advantages and disadvantages of using biodiesel as compared to mineral diesel. Modest reduction of particulate matter (mass emission) has been reported for biodiesel since it contains oxygen in its molecular structure [4, 5] , and virtually no sulfur and aromatic content. In addition, usage of biodiesel reduces HC and CO emissions also [6, 7] . However, its high viscosity may deteriorate spray atomization and higher cloud point and pour point may hamper its winter operation. NOx emissions for biodiesel are also slightly higher than conventional diesel [8] . However, some reports also suggest that a NOx emission from biodiesel is either slightly higher or lower compared to diesel depending on test conditions [9] . It needs to be recognized that biodiesel does provide effective alternative from bioorigin to mineral diesel, but unless it is ensured that emissions from biodiesel (especially toxic pollutants) are lower, or same as mineral diesel, acceptability of biodiesel as a fuel on a large-scale may not be forthcoming.
Particulate formation takes place in diesel engine environment at temperature between 1000 and 2800K, at pressure between 50 to 100 bars. The evolution of liquid-or vapor-phase hydrocarbons to solid soot particles and possibly back to gas-phase products involves six commonly identified processes namely: pyrolysis, nucleation, coalescence, surface growth, agglomeration, and oxidation. A sequence depicting the first five of these processes comprise the particulate formation process ( fig. 1 ), while oxidation, the sixth process, converts hydrocarbons to CO, CO 2 and H 2 O at any point during the process. These processes may proceed in a spatially and temporally separated sequence as occurring in a laminar diffusion flame, alternatively all the processes may also occur simultaneously as in a well-stirred reactor. In practical combustion systems like diesel engine, the sequence of processes may vary between these two extremes [10] .
The fuel elements of primary interest in compression ignition combustion are carbon, hydrogen, oxygen, and sulfur. The amount of each of these elements determines the fuel composition, while the location and type of bond making up the molecules in the fuel determines its molecular structure. Although still somewhat unsettled, the prevailing view in the literature suggests that fuel composition plays a role in particulate formation for all types of flames while fuel structure influences soot formation in diffusion flames but is less important or perhaps unimportant to soot formation in premixed flames. The more carbon a fuel molecule contains, more likely it is to produce particulate. Conversely, oxygen in a fuel molecule decreases the tendency to produce particulate. Of lesser importance than oxygen, but clearly important is that increasing hydrogen in the fuel decreases fuel's tendency to form particulate. Sulfur is not directly involved in the formation of particulate but contributes directly to particulate mass by oxidizing and then attaching to particulate resulting in increased particle size and mass [11] . Thus, the composition of fuel greatly affects the composition of particulate matter. Wang and Huang (2003) reported that most of the emissions of metals in diesel particulate are from metals present in the fuel. The correlation coefficient between metal contents of diesel and diesel particulate was found to be 0.73 [12] . Metal content in diesel, biodiesel and lubricating oil plays an important role in the emission of metals in the engine exhaust and blending with biodiesel is likely to result in lower emissions of metals [13] .
Particle size influences the environmental impact in several ways: it influences residence time of the particulate in the atmosphere, optical properties of the particulate, particle surface area, ability to participate in atmospheric chemistry, and the health effects. The residence time of particulate in the atmosphere is longest for 0.1-10 µm diameter particulate and it is typically about one week. Larger particulate are removed from the atmosphere quite quickly by gravity settling process and smaller particulate by diffusion and coagulation process. Typical residence time for 10 nm particulate is only about 15 minute [14] . The main mechanism for removal of these tiny particulate is coagulation with particles in the accumulation mode. Thus, although they lose their identity as individual particles, they remain in the atmosphere for essentially the same time as the larger accumulation mode particulate. The optical properties of exhaust particulates influence atmospheric visibility and soiling of buildings. These properties depend on particulate size, shape, and composition [15, 16] . Particles interact with light by absorption and scattering. For diesel exhaust particulate, absorption is much stronger than scattering and is relatively independent of particulate size for light in the visible range. The absorption is due to the carbon content of the particulate. Light scattering is strongly dependent on particulate size and shape and is typically maximum for particulate a few tenths of a micron in diameter. The scattering is mainly due to particles in the accumulation mode size range. Ultra-fine and nanoparticles scatter light very weakly.
Nearly all of the surface area of individual nuclei that comprise the agglomerates is available for adsorption. Thus the surface area of diesel particulate is probably more a function of the size of the individual nuclei in the agglomerates rather than the agglomerate size. This surface area may be available for atmospheric reactions.
In the atmosphere, various atmospheric constituents will compete with exhaust constituents for this surface area.
The aspect of particulate size that is attracting the greatest attention is the influence of fine and ultra fine particulate on human health. Adverse health effects seem to be linked with smaller particles. The efficiency of deposition of particulate in the human respiratory tract depends upon particulate size. In particular, pulmonary deposition increases with decreasing particulate size. Recently, special concerns have been raised for particulate in ultra-fine and nano-particle diameter range. Particulate which are non-toxic in µm size range may be toxic in nm size range. Thus, there are serious concerns about the negative effects of sub-micrometer airborne diesel exhaust particulate on human health and climate. Therefore, recent reports regarding the correlation of diesel particulate with health effects and environmental degradation have prompted regulatory agencies to set more stringent emissions regulation for diesel engines
MEASURING INSTRUMENT
There has been tremendous interest in obtaining particle size distribution during transient engine operation, where both particulate size and total number concentrations can change dramatically. Currently the scanning mobility particle size (SMPS) system is widely used to measure the size distribution of engine aerosols. Since the SMPS requires a minimum sampling duration of 60 seconds to make a measurement, its use has been limited to stable engine operating conditions. Condense particle counters (CPCs) have been used to measure fast engine response but their use is limited to measuring total concentration only.
A new instrument, the Engine Exhaust Particle Sizer (EEPS) spectrometer provides both high temporal resolution and reasonable size resolution by using the same basic technique as that of SMPS system but with multiple detectors working in parallel. This makes the EEPS ideal for measuring engine operating under transient conditions. The EEPS is designed specifically to measure particulate emitted from engines and vehicles. It measures particle size from 5.6 to 560 nm with a size resolution of 16 channels per decade (a total of 32 channels). Reading the particle size distribution 10 times per second (10Hz) allows transient measurement possible.
Diesel particulates enter the instrument through a cyclone with a 1 μm cut-off limit. This removes large particles that are above the instrument's measurement capabilities. These particulate then pass through an electrical diffusion charger in which ions are generated, which mix with the particulate to provide a predictable charge based on their size. The charged particulates then enter an annular space between two cylinders which is filled with clean sheath air. The particles pass by a central rod that has a high voltage to produce an electric field which repels the particulate outward to the electrometer rings. The particles are collected on electrometer rings transferring their current to a sensitive electrometer on each ring depending on their size. Small particles are detected at the top of the column and larger particles at the bottom. The electrometers are read at 10 Hz frequency by a microprocessor, which then inverts the current data to get particle size and number distribution.
EXPERIMENTAL SETUP
A naturally aspirated single-cylinder direct-injection water-cooled diesel engine was used for the present investigations. Detailed technical specifications of the engine are given in table 1. All tests were carried out at constant engine speed of 1500 rpm. Engine load was varied from no load to 80% rated load. The engine is coupled with a single phase, 220 volt AC alternator. The alternator is used for loading the engine and the current produced is used in a resistive load bank. The load bank consists of eight heating coils (1000 W each). A variac was connected to one of the heating coils so that load can be controlled precisely by controlling voltage in one of the coils of load bank. 
RESULTS AND DISCUSSION
This is an example of a Main Heading section. This section will include sub-sections. The measurement of particulate size distribution was conducted after the engine attained thermal stabilization at every load condition. The exhaust sampling was carried out for one minute and the sampling frequency was kept at 1 Hz therefore all the results presented in this paper are average of sixty data points. The results are presented in the form of number and size distribution in the exhaust stream (after accounting for the dilution factor).For comparative analysis of particulate emissions, three different fuels namely biodiesel (B100), 20% blend of biodiesel (B20) and mineral diesel were used. Some important physical properties of test fuels are given in table 2.For measuring particulate size and number distribution in the exhaust, EEPS (make: TSI, USA; Model: 3090) was used. A part of engine exhaust was drawn from the exhaust pipe.
Since the total number of particles present in raw exhaust is significantly higher than the number that instrument can handle, it needs to be diluted with clean sheath air. Dilution of the exhaust gas is done using rotating disc diluter (Make: Matter Engineering AG, UK; Model: 379030) to lowers particle concentration to a value within the measurement range of the EEPS. For the present set of experiment, exhaust gas was diluted by a dilution ratio of 111:1.
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The surface area distribution is very important from toxicology point of view and particulate mass distribution is important from meeting the emission regulation and pollution control equipment design view point. Therefore, all the results and discussion are presented under these three sub-headings. Figure 4 shows size and number distribution of particulate emitted from diesel and biodiesel fuelled engine at different engine loads (no load, 50%, 80% of rated load). Concentration of particulate was always found to be higher for diesel compared to biodiesel (B100) and its blend (B20) at all engine loads. Maximum concentration of particulate for diesel fuel is 12.8X10 8 particles/cc (particle size range: 29.4-34 nm) whereas it is 10.08x10 8 particles/cc (particle size range: 16.5-19.1 nm) 9.23x10 8 and (particle size range: 16.5-19.1 nm) for B20 and biodiesel respectively at no load condition. These results show that the fuel chemistry/ composition play definite role in particulate formation process. When engine load is increased (fig 4b and 4c) , the same trend is observed where the particulate number density is higher for diesel fuel compared to biodiesel and its blend. However one can notice that the size range for the peak becomes smaller for increasing oxygen content in the fuel i.e. the peak shifts towards left with increase in oxygen content in the fuel. Glassman Takashi et al. [17] pointed out that the number of carbon -carbon bonds correlate with both, More carbon a fuel contains, more likely it is to produce particulate as an incomplete combustion by-product. Biodiesel contains lower number of carbon -carbon bonds compared to mineral diesel. Takahashi and the increasing rate of pyrolysis forming soot precursors and the decreasing oxidation rate produced by OH radicals which is a function of the C/H ratio. Fuels with a large number of carbon -carbon bonds tend to have a lower C/H ratio which increases their tendency to form particulate. Conversely, oxygen content in a fuel decreases the tendency of a fuel to form particulate. However, there is no clear consensus on the effect of the molecular structure or where the location of oxygen within the fuel molecule on the effectiveness of soot reduction. Biodiesel is an oxygenated fuel and it contains 10-11% (w/w) oxygen. Oxygen content in biodiesel itself facilitates further oxidation of particulate formed. Vander Wal and Tomasek [18, 19] reported that particulate generated by oxygenated fuels have a nanostructure with more reactive sites available for oxidation, which makes it burn much faster compared to particulate produced by non-oxygenated fuels. Boehman et al. [20] compared reactivity and nanostructure of both diesel soot and biodiesel soot. They found biodiesel particulate have higher reactivity and have more amorphous nanostructure.
Particulate Size and Number Distribution
Number distribution of the particulate decreases as load increases as shown in figure 4 for all fuels. Peak particulate concentration is 9.33x10 8, 6 .71x10 8 and 1.73x10 8 particles/cc at 0%, 50% and 80% of rated engine load respectively for biodiesel (B100). This is due to increase in combustion chamber temperature with increasing engine load which increases the possibility of burning/ re-burning of the particulate in the combustion chamber before they exit through the exhaust valve, thus effectively reducing their number density. Temperature has the greatest effect among all parameter on the particulate formation process because it increases the reaction rates involved in soot formation and oxidation. As temperature is increased, rate of oxidation increases faster than the rate of particulate formation [21] . Thus it effectively reduces the particulate number in the exhaust stream with increasing engine load.
One can also notice that the size range distribution of particulate increases with increasing engine load. The size range broadening seems to have strongest effect on the right side of the size distribution. With higher engine load, the temperature of the combustion chamber and the amount of fuel injected are higher, thus reducing the overall air/ fuel ratio. These conditions encourage the initial particulate formation and also accelerate the particulate agglomeration. Due to faster agglomeration of particulate, the peak of the number distribution shifts towards larger particulate size at higher engine load condition. However, the use of biodiesel (B100) shifts the particulate size distribution towards smaller particulate size range. Similar observation was also made by Kim et al [22] . Peak concentration of particulate size ranges from 29.4-34 nm, 16.5-19.1 nm and 16.5-19.1 for diesel, B20 and biodiesel (B100) respectively at no load condition (figure 4), whereas at 80% of rated engine load, peak concentration of particulate size ranges from 60.4-69.8 nm, 60.4-69.8 nm and 45.3-52.3 nm for diesel, B20 and biodiesel (B100) respectively. Another important observation from size distribution graphs can be made that number distribution obeys the log-normal distribution pattern (figure 4). Figure 5 shows total number density of particulate at different engine loads. Total number density of particulate decrease as engine load increases. Particulate density is highest for diesel and it decreases with increase in oxygen content in the fuel.
Surface Area Distribution of Particulate
Surface area distribution is quite important from diesel particulate toxicology point of view. Smaller particulate tend to have significantly higher surface area for the same particulate mass of larger particulate, thus offering larger surface area for condensation of toxic volatile organic compounds (VOC's) and polycyclic aromatic hydrocarbons (PAH's). Smaller particulate also have higher residence time in the atmosphere compared to larger particulate thus the possibility of their entering into human respiratory system is higher. Therefore, smaller diesel particulate is considered to be more hazardous to human health compared to larger particulate. Figure 6 shows the surface area distribution with respect to particulate size at three different engine loads. Surface area depends on mean diameter of the particulate and the number density of particulate in that size range. It can be noticed that the surface area of particulate in the size range of 40-50 nm, 30-40 nm and 30-40 nm respectively for diesel, B20 and biodiesel is maximum at no load condition. One can also notice that at lower loads, total surface area of particulate is higher because of emission of larger number of smaller size particulate. However at higher engine loads, total surface area increases because of emission of relatively lower number of relatively larger size particulate. The total surface area of particulate emitted by biodiesel is relatively lower because of relatively smaller number of relatively smaller size particulate indicating towards possibility of lower toxicology effects compared to mineral diesel generated particulate. When the load increases to 50% of rated engine load, surface area distribution from diesel fuelled engine shows two peaks. particulate in the size range 25-34 nm dominate the surface area spectrum from biodiesel fuelled engine whereas dominating size range was 70-90 nm for diesel and B20. At 80% engine load, size range of 70-80 nm dominates for biodiesel whereas 80-100 nm for diesel and B20. Surface area distribution of particulate is also higher for diesel fuel than biodiesel and B20 at all operating conditions of engine.
Mass Distribution of Particulate
The majority of particulate mass is formed during surface growth and agglomeration process thus the residence time during surface growth process has a large influence on the total particulate mass emission. The mass of particulate emitted by engines is very important from emission legislation point of view. As of today, global emission regulation rely on compliance of mass emission of particulate and do not give any weightage to the size and number distribution therefore the mass distribution of the particulate becomes important. However with the increasing awareness about the fact that the particulate of different size range have different degrees of harmful effects on human health, law makers will be forced to take cognigence of particulate size, surface area, and mass distribution. Figure 7 shows the mass distributions of particulate of different size ranges at different engine loads. Particulate mass depends on mean diameter of particulate, number and density. It can be clearly seen from figure 7 that the particulate mass emission increases substantially at higher engine load. This large mass is obviously contributed by smaller number of relatively larger particulate formed under high engine load condition. It can also noticed that B20 and B100 emit lower particulate mass at all engine operating conditions suggesting that the oxygen content of the fuel has an important role in reducing the mass emission of particulate.
CONCLUSION
This study concentrates on the characterization of particulate emissions from biodiesel (B100) and optimum blend (B20) vis-à-vis mineral diesel. A new instrument engine exhaust particle size analyzer (EEPS) was used to measure size and number distribution of particulate and this instrument capable of measuring particulate in the size range of 5.6 -560 nm with 10 Hz sampling frequency. It was found that concentration of particulate was always higher for mineral diesel fuel compared t0 biodiesel and B20 at all engine loads. This may be because of biodiesel is an oxygenated fuel and it contains 10-11% (w/w) oxygen. Oxygen content in biodiesel facilitates oxidation of particulate thus reducing their number concentration. The total number of particulate formed with increasing engine load decreases however their size range increases. The surface area of particulate at low engine load is quite high because of emission of large number of ultra-fine particulate. With increasing load, surface area however decreases, but at very high engine loads, again the surface area becomes large because of increase in particulate size. The surface area of particulate formed by oxygenated fuels however remains lower compared to mineral diesel suggest their lower toxicology potential. The mass distribution of particulate also shows a trend similar to surface area distribution and one can notice very high mass of particulate emitted at high engine load. The particulate mass emitted by biodiesel and B20 are significantly lower than that form mineral diesel, which suggest that biodiesel is a relatively more environment friendly fuel even from particulate sizenumber distribution and toxicology point of view.
Particulate size and number distribution, surface area and mass distribution are extremely important parameters as the particulate of different size exhibit different behavior therefore the future emission norms would need to take cognigence of these parameters.
